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Abstract – Deep plans are a common practice in middle and high-rise office building design, and large 
open plans have become the preferred office layout by modern businesses due to the flexibility of the space 
and economic benefits achieved from maximum plot to gross floor area ratios. Consequently, the deep core 
areas of these buildings cannot be naturally illuminated by side windows, and depend entirely on electricity 
for illumination. This paper describes the benefits of daylight piping technologies; in particular, hollow 
mirrored light pipes coupled with laser cut panel collectors to enhance natural illumination of deep plan 
office buildings. Light pipes are assessed by testing two scale models of buildings, one with horizontal and 
the other with vertical light pipes as daylight devices. Testing was carried out under sunny sky conditions 
and an artificial sky that closely simulates the CIE overcast sky. Results have shown that mirrored light 
pipes coupled with laser cut panels can achieve required values for ambient illumination in the core of 
buildings under sunny conditions, with an overall efficiency (input to output lumens) up to 32%, but their 
performance drops under overcast conditions.  
1. INTRODUCTION 
 
Benefits of daylighting in office buildings are well 
known. In addition to energy conservation, natural light 
has positive physiological (regulation of the circadian 
rhythms) and psychological effects on the occupants of 
buildings. But natural light in the core of deep plan office 
buildings is nonexistent. Due to economical reasons and 
spatial requirements of the workplace, deep plan 
buildings have become a common practice in middle and 
high-rise office building design. This design (floor plans 
of >10m depth) results in dark cores since side daylight 
passively reaches only up to 4m distance from the 
windows. Consequently, deep plan office buildings 
depend entirely on electrical lighting for illumination. 
Previous research has shown that light transport systems 
(light pipes) represent a possible solution for natural 
illumination of the core of deep plan buildings by means 
of piping light from the building envelope to be 
distributed in the interior space (Whitehead et al., 1987, 
Aizenburg, 1997, Garcia Hansen et al., 2001). 
However, illumination from light pipes has four 
problems: 1) light collection; 2) the dependence of power 
transmission on solar elevation; 3) the extraction of a 
similar amount of light along the pipe as required; and 4) 
producing a uniform distribution of light in the space 
from a small concentrated output. Consequently, different 
methods of light collection, light distribution along the 
pipe, light extraction from the pipe and light emission 
around the space are assessed in this study for horizontal 
and vertical mirrored light pipes. 
 
2. BACKGROUND 
 
Numerous daylight systems have been developed to 
improve natural illumination in the deep core of 
buildings. Innovative daylight systems can be generally 
divided in two groups: 1) light guiding systems, which 
redirect natural light (direct and diffuse) to the core of the 
building up to 8 to 10 metres, by means of reflection, 
refraction or deflection (e.g. light shelves, louvres), or 2) 
light transport systems, which can reach further distances 
than light guiding systems by means of channelling 
sunlight (generally the direct component of sunlight) 
through guides from the building exterior where it is 
collected, to the interior to be distributed (e.g. light 
pipes). Benefits of light transport systems include: 1) the 
potential of integrating artificial and natural light into one 
system; 2) providing a centralized lighting system in the 
building that pipes light to distribution devices, thereby 
replacing many electrical fixtures and cabling (Whitehead 
et al., 1984); 3) eliminating infrared and ultraviolet 
radiation from sunlight; and 4) reducing heat in air 
conditioning areas. 
Light transport systems consist of three major 
components: 1) light collection (a device to capture 
sunlight), 2) light transport (guiding material), and 3) 
light distribution (extraction and distribution within the 
space). Current research on light transport technologies is 
focussed on improving each of the light pipe components. 
The general classification of light transport systems 
depends on the material used to transport the light. 
Current light transport technologies include the following 
(Figure 1): 
1- Fibre optics are highly efficient systems that transport 
light by total internal reflection. They are usually made of 
silicate glass or plastic. Its use has been constrained to 
decorative applications and artificial light due to cost. 
Light needs to be highly concentrated before entering the 
fibre, as the fibre acceptance aperture is very small. 
Therefore, when used for daylighting applications, the 
optical fibre systems need complicated heliostats to 
concentrate daylight.  
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Figure 1: Different light pipe technologies. A: Lenses, B: Hollow prismatic pipes, C: light rods, D: Mirrored light 
pipes and E: Fibre optics. 
 
The efficiency of the system depends on the length of 
the fibre and not the width. The attenuation values are 
from 0.1 dB m-1 to 0.6 dB m-1, which means light 
traverses for 18 to 30 m before loosing half of the 
intensity. Fibres are only 6mm wide and can be 40m in 
length (Ayers and Carter, 1995). Recent studies are 
exploring the use of luminescent solar concentrators to 
absorb the natural light emitted as fluorescent light and 
then transport the fluorescent light through flexible light 
guides made from low cost material as a more 
economical alternative to fibre optics. 
2- PMMA Transparent guides: polymethyl methacrylate 
or PMMA is a transparent acrylic material that has been 
used for its transmittance properties and relatively low 
cost. Light is transported by total internal reflection. The 
guides can be light rods or hollow cylindrical pipes. As a 
light rod, the system can have an efficiency of 50% for a 
pipe of an aspect ratio (length: 1200mm to width: 50mm) 
of 24 (Callow and Shao, 2002), but it has only been 
tested for small scale buildings.  
3- An arrangement of lenses and mirrors are also used to 
transport light. Lenses have good transmission 
characteristics and they are capable of maintaining a 
concentrated beam of light. This system does not need a 
guide. The high cost for lens-systems, however, is a 
problem, in addition to complications in lens mounting 
due to the precision required in the system. Lenses have a 
92% transmittance and the spacing of lenses depends on 
the lens focal length. Studies have shown efficiency for 
the system after passing through 13 lenses of 28% 
(Bennett and Eijadi, 1980). 
4- Prismatic pipes are hollow structures with transparent 
acrylic walls containing precise right angles that transport 
the light by total internal reflection. Currently, prismatic 
pipes are made out of a new thin transparent film from 
3M, making the system more efficient. Conversely, the 
device requires complicated daylight collection systems 
due to the range of the input angles (~28°/30°) needed for 
the light to be guided through the pipe. Research has 
shown efficiencies on the order of 30% for pipes of 
aspect ratios of 30 when used as a daylight solution 
(Whitehead et al., 1984, Aizenburg, 1997). 
5- Hollow mirrored pipes, which transport the light by 
multiple specular reflections, relatively cheaper than 
other light transport systems and potentially have a wide 
application in building design. Efficiency depends on: 
area and geometric form of the pipe, reflectivity of the 
material (85%, 95%, 98%), and directional properties of 
the light source. Well collimated sunlight could produce 
an efficiency of 50% (Ayers and Carter, 1995). Mirrored 
pipes have been coupled with different light system 
collections (i.e. anidolic systems, laser cut panels). 
Anidolic ceilings are devices that integrate compound 
parabolic collectors with a highly reflective guide to 
redirect light deeper into a room; they have been designed 
to improve illumination in buildings occurring in regions 
with predominately cloudy conditions (Courret et al., 
1998).  Previous work has suggested that laser cut panels 
(LCP) coupled with mirrored pipes could be a simpler, 
more cost-effective daylight solution for sunny climates. 
Overall performance of a mirrored light pipe coupled 
with LCP of an aspect ratio of 30 is 20% (Edmonds et al., 
1995, Garcia Hansen et al., 2001).  
This paper explores the benefits and limitations of 
mirrored light pipes (horizontal and vertical) coupled 
with laser cut panels as a simple solution for the 
enhancement of natural illumination of deep plan 
buildings. 
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Figure 2: Perimeter offices blocking natural light to the core area of the building (left).  Possible application of 
light pipe technology to enhance natural illumination in the core of the office building (right). 
 
3. APPLICATION OF LIGHT PIPES 
 
The main reason for deep office buildings depending 
largely on electrical light for illumination is that daylight 
levels decrease with distance from the window, so that a 
disproportionate amount of daylight/solar radiation must 
be introduced into the front of the room to achieve small 
gains in daylight levels at the back of the room. A greater 
distance from windows is not the only reason for dark 
cores in office buildings. Other causes for core 
dependence on artificial light for illumination are:  
1- Large differences in illuminance levels between 
perimeter and central areas due to side lighting, 
creating problems of bright and dark zones.  
2- Large window areas resulting in glare problems, 
hence the need for blinds and therefore decreasing 
daylight in interiors. 
3- Placement of small offices along the perimeter that 
block light from side windows to the interior 
(Figure 2, left). 
In these cases, horizontal light pipes could be used in 
order to improve natural illumination of the office space 
(Figure 2, right). In addition, if facades are not oriented 
correctly, or are overshadowed by adjacent buildings, 
vertical light pipes could be used instead, depending on 
the height of the building (no more than five floors). 
 
 
 
 
 
Figure 3: Horizontal light pipes proposal 
 
 
4. MIRRORED LIGHT PIPES COUPLED WITH 
LASER CUT PANELS 
 
Our research into daylight solutions for deep plan office 
buildings was prompted by two building design proposals 
from architect Ken Yeang. The first design is for a high-
rise (28 floors) office building in Kuala Lumpur, 
Malaysia, with a deep-plan floor plate of 20 m depth and 
2000 m2 area. The second design is a proposal for the 
refurbishment of the Millenium Library in Brisbane 
(Australia), with floor plans of 6000 m2 (60 m x 100 m). 
Both building design solutions result in dark cores that 
will depend entirely on electrical lighting for 
illumination.  
Two different mirrored light pipe strategies are 
proposed and assessed in this paper. The aspect ratio 
(length/width) determines the performance of mirrored 
light pipes; therefore, the shortest distance to the exterior 
(facade or roof) is important when designing a light pipe. 
Consequently, the proposal for the high-rise building 
utilises horizontal light pipes coupled with laser cut 
panels to acquire daylight from the façade (Figure 3), and 
for the library (five floors high), vertical light pipes are 
proposed to collect light from the roof (Figure 4).  
 
 
 
 
 
 
                       
                      Figure 4: Vertical light pipe proposal 
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5. SYSTEM DESCRIPTIONS 
 
Both solutions of horizontal and vertical light pipes for 
the deep plan buildings comprise a highly reflective 
mirrored light pipe, and an arrangement of laser cut light 
deflecting panels (LCP) as sun light collectors, extractors 
along the pipe to redirect light to the space as required, 
and light emitters to spread the light uniformly around the 
space.  
5.1 Horizontal light pipes 
The main façade of the high-rise office building in 
Malaysia is southeast-oriented, and building utilities are 
located on the west façade (ie. as a thermal buffer).  With 
this design setting in mind, the objective was to increase 
daylight in the core of the building, during afternoon 
hours when the utilities zone blocked natural light along 
the west façade. The design used four horizontal light 
pipes per floor, oriented west-east, with LCP used as light 
collectors on the west façade (Figure 3). The pipes were 
20 m long, 2 m wide and 0.80 m high, formed from 85% 
reflectance material. Each pipe is to illuminate an area of 
12m x 12m. LCP as collectors are inclined at an angle of 
55°, which is the optimum angle for a fixed system (in 
Kuala Lumpur) to redirect sunrays more axially along the 
pipe, and reduce the number of reflections (Figure 5). 
Five transparent panels are inserted at a fixed spacing 
(2m) along each pipe with sufficient reflectance material 
to extract approximately one-fifth of the light at each 
aperture (Edmonds et al., 1997). A triangular 
arrangement of LCP is then used to redirect the extracted 
light sideways to achieve a better and more uniform light 
distribution in the floor space (see figure 9). 
 
 
 
 
Figure 5: Collection systems, laser cut panel coupled 
with horizontal and vertical light pipes, and deflected 
(fd) and undeflected (fu) beams of incident light. (i) 
angle of incidence, (E) sun altitude angle. 
 
5.2. Vertical light pipes 
The design of the vertical light pipes (Figure 4) 
comprised a pyramid form LCP collector to improve the 
redirection of low and middle-high sun angles more 
axially (Figure 5) into a 2 m diameter, 18.4 m long 
vertical light pipe (Aspect ratio: 9.1).  
 
 
Figure 6: fluorescent rings as light pipe extractors. A-
axonometric view of light pipe section, B- transversal 
section of the light pipe. 
 
The pipe has extraction apertures at each floor. Two 
strategies have been tested: 1) A combination of 
extraction and distribution systems comprised of cone-
shaped reflective extractors inclined at 37.5° placed 
within the pipe at apertures to redirect the light into the 
space and illuminate an area of 12 x 12 m, with a 
diffusing shelf surrounding each aperture to spread the 
light upwards and avoid direct view of the aperture by the 
occupants (Figure 4), and 2) ring shape PMMA 
(polymethyl methacrylate) fluorescent collectors with 
green fluorescent dyes placed at 1.2 m from the ceiling at 
each floor (Figure 6).  The dye molecules in the panel 
absorb part of the solar radiation incident on the plate and 
re-emit fluorescent radiation that it is transported to the 
edges of the plate by total internal reflection. 
 
6. THEORY 
 
The theory of direct sunlight transmission through light 
pipes after redirection by LCP (Edmonds et al., 1995) 
was modified for one-dimensional propagation in 
rectangular light pipes, which is a reasonable 
approximation for a horizontal east-west oriented pipe in 
an  equatorial building. If the transmission of the pipe 
between one extractor and the next is t, then to achieve 
equal outputs the fractions fi deflected at sequential 
extractors are given by (Edmonds et al., 1997):  
fi = t fi+1 /(1+t fi+1)  (1)   
Having found the lumen output at each extractor, the 
average workplace illuminance, in the present work, was 
approximated by dividing the lumen output from each 
aperture by the area of workplace associated with each 
aperture. 
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7. METHODS 
 
 
 
Figure 7: Horizontal light pipe scale model under 
sunny sky conditions. 
 
7.1 Scale models 
Two scale models representing portions of the Kuala 
Lumpur high-rise building and the middle-high Library 
building were built for testing under sunny sky conditions 
and artificial sky (Figures 7-8). 
7.1.1. Horizontal light pipe scale model. A scaled 1:20 
model representing a section (12 x 20 m) of one floor of 
the high-rise office building was constructed for testing 
(Figure 7). Mirrors were placed on the sidewalls of the 
model to reflect the remaining space of the plane floor 
(Figure 9).  
7.1.2. Vertical light pipe scale model. Figure  shows the 
scale model built of a section of the Millennium Library 
building that represents the area of influence of one 
vertical light pipe (12 x 12 m) throughout five floors. 
Mirrors were placed in the surrounding walls of the 
model to reflect the remaining space of the plane floor.  
 
 
 
Figure 9:  Interior of horizontal light pipe model 
tested under sunny sky conditions. 
 
 
 
 
 
Figure 8: Vertical light pipe scale model under sunny 
sky conditions 
 
Reflective cones, for the extraction of the light were 
constructed of transparent acrylic with reflectance 
material Figure 10. The fluorescent rings were made out 
of a commercially available fluorescent sheet with green 
dyes. To obtain neutral light a combination of three 
coloured (red, blue, and green) fluorescent sheets are 
needed (Smith and Franklin, 2000), however as the aim in 
this study is to assess the feasibility of the material as an 
extractor strategy, and light distribution within the space, 
only the green dyed sheet was used. 
 
7.2. Experimental testing under sunny conditions 
 For the Horizontal light pipe model, testing was 
performed under sunny sky conditions for a wide range of 
sun angles (20° to 79°). Figure 9 shows model interior 
where the LCP triangular distribution arrangement can be 
observed. 
 
 
 
Figure 10: Interior of the vertical light pipe model 
testing under sunny sky condition (11 am, summer). 
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Testing of the Vertical light pipe model was carried out 
under sunny sky conditions for a range of different sun 
altitude angles (9° to 72°) for a 45° and 35° LCP 
collector, and with the cone extractor strategy as in 
Figure 10.  Observations during testing indicated that at 
early hours of the morning when the sun is low, light 
distribution in the space was homogeneous, however as 
the day advances and the sun angle is higher, sunny 
patches are reflected on the ceiling. As a result, further 
studies of light extraction and distributions were then 
tested under the artificial sky. 
 
7.3. Experimental testing under artificial sky 
The artificial sky simulator at the School of Design and 
Built Environment of Queensland University of 
Technology is of a mirror type (Figure 11). The diffuse 
ceiling is formed by fluorescent tubes and a diffuser 
fabric, and wall mirrors. Inter-reflections between the 
mirrors form an image of an infinite diffuse sky, which 
due to absorption in the mirror diminishes its brightness 
as the virtual horizon is reached. The mirror box has a 
square base, and the mirrors are 1180x2400 mm. To 
allow for entrance into the mirror box, the box is lifted 
900mm above the floor. 
Studies have been done to test the distribution of the 
light in the artificial sky, and the results have shown 
average illuminance of nearly 7900 lux and the 
distribution approximates the CIE standard overcast sky 
conditions.  
The artificial sky was mainly used to test the 
performance of the pipes under overcast conditions as 
well as the assessment of different extraction and 
distribution devices for the vertical light pipes. Figure 12 
shows the interior of the vertical light pipe model with 
fluorescent ring concentrators as extractors, and Figure 
13 shows the interior of the same model with cone 
reflective extractors. The pictures reveal the light 
distribution in the space. In the first example the 
fluorescent light is more diffuse, whereas in the second 
case, cones and shelves redirect light to the ceiling. 
 
 
 
Figure 11: Experimental testing of the vertical light 
pipe in the artificial sky. 
 
8. COMPARISON OF EXPERIMENTAL RESULTS 
AND THEORY 
 
8.1 Horizontal light pipe (HLP)  
Figure 14 shows the measured average illuminance 
level obtained from testing under sunny sky conditions 
over the floor space at 2 m intervals along the pipe. 
Figure 15 shows the corresponding calculated values. 
Note that the distribution is adequately uniform along 
the light pipe in both cases. However, theoretical 
calculations revealed greater lux values for higher sun 
angles and inferior lux values for lower sun angles. The 
measured and theoretical values show a similar trend of 
average illuminance versus sun angle (Figure 16). 
 
 
 
 
 
Figure 12: Interior of vertical light pipe model with 
fluorescent ring extractors, tested in artificial sky. 
 
Figure 13: Interior of vertical light pipe model with 
reflective-cones for light extraction. Testing under 
artificial sky. 
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Figure 16: comparison between calculations and 
testing under sunny sky conditions. 
 
The more extreme values obtained in the calculated 
model may be a consequence of neglecting the roughness 
in the cut surface of the LCP, which diffuses the deflected 
light with an angle spread of +/- 8°. The variation in 
illuminance values throughout the day (100 to 400 lux) 
corresponds to varying light transmission along the pipe 
for different sun angles. At lower and higher sun angles, a 
higher amount of undeflected or deflected light 
respectively, travels axially along the pipe. 
Vertical light pipes. Testing
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Figure 17:  Interior average illuminance levels obtained 
from testing VLP with 45° LCP, under sunny sky 
conditions. 1 top floor, 5 grant floor. 
However, at sun angles between 40-55°, the LCP has 
little effect. The light passes through undeflected, and 
then undergoes multiple reflections along the light pipe. 
Daylight factor values obtained under overcast conditions 
(artificial sky) ranged from 0.18 to 0.52. 
 
8.2. Vertical light pipe (VLP) 
Figure 17 shows measured average illuminance levels at 
each floor during testing under sunny sky conditions with 
a 45° pyramid LCP collector. Figure 18 shows the 
calculated values for a similar range of sun-angles. A 
reasonable distribution along the pipe is achieved. By 
using the 45° LCP collector, a relatively modest variation 
of illuminance level with sun elevation was achieved (50 
to 200 lux). For a 35° LCP (Figures 19; 20), the variation 
was higher (50 to 400 lux). Testing under artificial sky 
showed daylight factor values ranging from  0.12 to 0.20 
for light pipes with 35º LCP collector, 0.1 to 0.17 for the 
45º collector, and 0.13 to 0.24 for no collector. 
Figure 21 shows comparative daylight factor values 
obtained from the two light extracting strategies in the 
vertical light pipes. The measurements were taken along 
three points in a straight line from the pipe to the wall. 
The fluorescent panels showed decreasing values towards 
the wall while the cones had higher values in the middle 
of the space due to the light redirected to the ceiling. 
Vertical light pipes. Measurements 
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Figure 18: Interior average illuminance levels 
obtained from calculations for VLP with 45° LCP. 
Figure 14: Interior average illuminance levels obtained 
from testing HLP under sunny sky conditions. 
Figure 15:  Interior average illuminance levels 
obtained from calculations for HLP. 
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Vertical light pipes with 35°LCP. Testing
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Figure 19: Interior average illuminance levels for 
testing of VLP with 35º LCP under sunny conditions. 
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Figure 21: Comparison of light distribution strategies 
measured under artificial sky. 
 
9. CONCLUSIONS 
 
This paper has shown that horizontal or vertically 
oriented mirrored light pipe systems coupled with LCP 
collectors provide a potential solution for the natural 
illumination of deep-plan office buildings, achieving an 
adequate spatial light distribution along the pipe. 
IIluminance values range from 100 to 400 lux for the 
horizontal light pipes over a period from noon to 4 pm; 
50 to 200 lux for the vertical pipes with LCP at a 45° 
angle; and 50 to 400 lux for vertical pipes with a 35° 
angle LCP during the day. Thus, whereas a near constant 
light distribution along the pipe can be achieved, it may 
be necessary to use an adjustable light deflector system at 
the input of the light pipe to reduce variation with time. 
In addition, further improvement of light distribution 
devices and light emission within the space are needed. 
The performance of HLP depends on the orientation of 
the available façade and shadings by nearby buildings; 
however, they are easy to integrate in to the architecture 
when false ceilings are available. In contrast, VLP 
performs better in terms of light collection, but their 
incorporation into the architecture is more complicated if 
they are not considered in the early stages of the building 
design, because the pipe area required to achieve the 
recommended values for ambient light may be 
unacceptable to designers. 
Vertical light pipes with LCP 35. Calculations
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Figure 20: Interior average illuminance levels 
obtained from calculations. 
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